The feasibility ofmicrocantilever-based optical detection is demonstrated. Specifically, we report here on an evaluation of laboratory prototypes that are based on commercially available microcantilevers. In this work, optical transduction techniques were used to measure microcantilever response to photons and study the electronic stress in silicon microcantilevers, and their temporal and photometric response. The photo-generation of free charge carriers (electrons, holes) in a semiconductor gives rise to photo-induced (electronic) mechanical strain. The excess charge carriers responsible for the photo-induced stress, were produced via photon irradiation from a diode laser with wavelength X =780 urn. We found that for silicon, the photo-induced stress results in a contraction ofthe crystal lattice due to the presence of excess electron-hole-pairs. In addition, the photo-induced stress is of opposite direction and about four times larger than the stress resulting from direct thermal excitation. When charge carriers are generated in a short time, a very rapid deflection of the microcantilever is observed (response time -
INTRODUCTION
Photon detection and imaging has extensive medical, industrial, military, and commercial applications. Presently, there are several families ofcommercially available photon detectors, including various solid state photon detectors [1}. Photon detectors [2, 3} can be classified broadly as either quantum (photon) detectors [4] or thermal detectors such as pyroelectric [5] , thermoelectric, resistive microbolometers [6, 7] and microcantilever thermal detectors [8] [9] [10] . In photon detectors, incoming radiation is converted into electronic excitation; in thermal detectors, conversion of radiation into heat takes place which is subsequently sensed as changes in the detector temperature. Among the various of electromagnetic radiation detectors, the class photon detectors have fast response times and high detectivities, U. Thermal detectors have a very broadband response, since they are based upon thermal conversion ofthe absorbed energy.
More recently, a new type ofthermal detector based on microcantilevers was developed [9, 10] with a reported U -108 cm HzW [9}.
A new approach for producing compact, light-weight, highly-sensitive micromechanical photon detectors is provided by microcantilever technology, which functions based on the bending of silicon microcantilevers upon absorption of photons. When a Si microcantilever is exposed to photons (with energies above the bandgap energy), the excess charge carriers generated induce an electronic stress which causes the silicon microcantilever to deflect. This response is depicted schematically in Figure 1 . Surface stresses s and 2 are balanced at equilibrium, generating a radial force F along the medial plane ofthe microcantilever. These stresses become unequal upon exposure to photons, producing in a bending force, F, that displaces the tip of the microcantilever. Furthermore, if these microcantilevers are coated with a material exhibiting dissimilarthermal expansion properties than Si, the bimaterial effect will cause the 
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reported. Microcantilevers can be mass produced at relatively low cost using standard semiconductor manufacturing methods. When microcantilevers are used as photon detectors and not as thermal detectors, they have faster response times and higher performance than that ofmicrocantilever thermal detectors. Since microcantilevers can be easily manufactured in one-and two-dimensional arrays having 500 or more individual microcantilevers on a single wafer, this technology may be practical for manufacturing sensitive photon detector arrays with spatial resolutions comparable to current CCD detectors.
THEORY OF ELECTRONICALLY-INDUCED STRESS
Microcantilevers (see Figure 1 ) undergo bending due to the differential surface stress [17] (&=Si-Si) created by transient expansions or contarctions; the top (photon exposed) side contracts (expands) sooner that the bottom (unexposed) side thus creating a differential surface stress. Earlier work has shown that the absorption of photons by a solid results in temperature changes and thermal expansion which in turn gives rise to acoustic waves at frequencies corresponding to the amplitude modulation ofthe incident photon beam [18, 19] . It was also demonstrated that the elastic wave stress amplitude can be larger than the radiation pressure amplitude [18] . Acoustic signals that result from thermoelastic coupling have been used to obtain photoacoustic images ofthin metallic films [19] . It has been reported earlier that photoacoustic generation in semiconductors is due primarily to photogenerated charge carriers [20] and not to thermoelastic effects [21] ; ofcourse the energy ofthe incident photons has to be larger than the band gap energy ofthe semiconductor. It is well known that in a semiconductor the generation of "free" charge carriers (electrons and holes) via photon irradiation results in the development of a local mechanical strain [20, 22] . This additional strain adds to other strains resulting from temperature changes ofthe semiconductor. When the photon flux is high enough to cause the semiconductor to heat, the subsequent expansion (or contraction) can be detected as acoustic waves with conventional photoacoustic techniques [19, 23] .
In a semiconductor structure ofthickness tand energy bandgap €g, the change in total surface stress due to photogenerated excess charge carriers, An, and changes in temperature, AT, will be the sum ofthe additional photo-induced stress, and thermal stress, viz. [20, 22, 24] (1)
where, d€/dP is the pressure dependence ofthe energy bandgap, a is the coefficient ofthermal expansion, and E is the Young's modulus. A hole (in the valence band) decreases the energy of covalent bonds while an electron adds to the bonding (or antibonding) energy.
Therefore there is a competing effect between the thermal and the photo-induced stress. When dç/dP is negative the photo-induced stress is ofopposite sign than that ofthe thermal stress and will tend to make the semiconductor crystal to contract.
For a rectangular bar ( Figure 1 ) oflength 1, width w, and thickness t, the reciprocal ofthe radius ofcurvature, R, is given by Stoney's relationship [25] •k
where, u is the Poisson's ratio. Using Eqn (1) the above equation can be rewritten as [24] ! 2(l-u)dAfl + 6(l_U)aAT
The reciprocal of the radius of curvature is approximately equal to dz/dy [26] . Then the maximum displacement Zmu of the microcantilever is given by z (1u)l2 ft ÷ 3(1_U)/2a
The first term inside ofEqn (4) is due to photo-induced surface stress and the second term is due to thermal stress caused by temperature changes. Ofcourse, the overall change in Zm will depend on several physical and mechanical properties ofthe semiconductor. In fact, for the same input power an Si microcantilever exhibits a photo-induced bending that is about four times larger than that due to thermal induced stress [24] . Neglecting any temperature effects that are only important in relative long time scales (comparable to the thermal time constant > ms), Zm can be written as
Assuming that an incident radiant power, cIt, in a semiconductor microcantilever generates number density of excess charge carriers, An, we get A = (6) hc lwt where i is the quantum efficiency, h (=6.625x 1O J s) is Planck's constant, c (=3 x108 m s) is the speed of light, and tL is the lifetime of the carriers in the semiconductor. Then the maximum displacement Zm can be rewritten as
Since the charge carriers can be generated in a very shorttimethe photo-induced stress can manifest itselfmuch faster than thermal stress. Ofcourse, the overall change in Zmu will depend on the physical and mechanical properties ofthe semiconductor. In fact, for the same input power a Si microcantilever exhibits a photo-induced bending that is about 4 times larger than that due to thermally-induced stress.
In Figure 2 we calculated the photo-induced deflection ofa Si microcantilever with length 1= 100 tm, width w = 20 tm, and thickness t = 0.5 j.tm as a function of photon wavelength for an absorbed power of! nW. The bending due to photo-generated charges increases linearly with increasing wavelength up to the cutoff ?, 1.1 rim.
The deflection sensitivity can be further increased by coating the microcantilever with a layer of another material. It is well known that a bimaterial structure can exhibit enhanced bending sensitivity when stressed. Such a bimaterial structure will exhibit an enhanced bending for the same input power depending on the materials used. For example, the bending, Zmax, of bimaterial microcantilever can be written as [27] where t1 and t2 are the thickness of the bimaterial layer and microcantilever substrate, 1 is the microcantilever length, E1 and E2 are the Young's moduli ofthe bimaterial layer and microcantilever, and E' is the effective Young's modulus ofthe coated microcantilever and is given by E E1 E2 I (E1 + E2). Materials with large differences in their E will offer better deflection sensitivity. However, the larger the difference between the Young's modulus the more difficult it becomes to deposit a bimaterial layer and not produce "curled" microcantilevers [10, 15] . The deposition of metal layers on thin microcantilevers to produce unstressed structures with no bending is 176 We can defme the deflection responsivityt =Zm / e' ViZ.,
+(t1/t ( i +t1E1/t2E2)(t1/t÷t2E2/t1E1) E dP (9) difficult and requires extremely high thermal stability. Bimaterial microcantilevers with no noticeable bending have been produced when care was taken to avoid any temperature rises during the bimatenal deposition process [15] . Inthose studies the investigators broke down the complete deposition process into 20 steps in order to avoid the temperature ofthe microcantilever rising during the deposition.
EXPERIMENTAL
Although bending ofmicrocantilevers can readily be determined by a number ofmeans (optical, capacitive, electron tunneling, and piezoresistive methods) in this work, we concentrated on optical readout techniques. The approach used was adapted from standard atomic force microscopy imaging systems, and is shown in Figure 3 . Microcantilevers were mounted in a chip holder which secured the base ofthe microcantilever against a small piezoelectric transducer; the piezoelectric transducer allowed us to excite the microcantilever with different acoustic frequencies and determine its resonance frequency. The chip holder was then mounted on a three-axis translation stage to facilitate fme adjustment ofthe microcantilever relative to the rest ofthe experimental apparatus. Collimated optical radiation from a diode laser was used to evenly illuminate the mounted microcantilever (pump wavelength of 780 nm, centered on the tip of the microcantilever 100 tm in length). A mechanical chopper was used to modulate the incoming photon radiation. This configuration provided a flexible, easily controlled test system for quantifying microcantilever response to optical energy. All measurements were conducted at ambient temperature and atmospheric conditions.
A second laser was used in a probe configuration to monitor bending. A helium-neon laser (or HeNe, delivering 3 mW at 633 am) was focused onto the tip ofthe microcantilever using a lOx microscope objective; to minimize heating ofthe tip by the probe laser, optical power was reduced by placing a neutral density filter with an optical density of 1.0 between the probe laser and the objective. During these studies we also coated Si microcantilevers with a thin layer ofAl(30 am). We used a broad argon ion beam and an Al target to sputter a thin coating on one surface of the microcantilever; we used Al coated microcantilevers to study the effect of thermal stress using a diode laser with 1300 am photons. We found that even at those small thicknesses, Al causes the microcantilevers to "curl". We heated the coated microcantilevers to about 500° C for a period of four to six hours to reduce residual stresses. This procedure seemed to result in microcantilever structure with almost no residual bending. However, the resonance frequency of the coated microstructures was lower than the uncoated and it is rather difficult to determine how much of the shift was due to mass loading and how much due to The microcantilever was exposed to photons from a diode laser with wavelength A=780 am and using a mechanical chopper, the incoming photon radiation was modulated at a frequency of 1000 Hz. We measured the microcantilever deflection as a function of time and and in Figure 4 we plotted that temporal response when the absorbed optical power was 3.9 nW; the absorbed power was calculated Figure 4 . Deflection of a Si microcantilever [curve (a)] due to photo-generated charge carrier when exposed to photons with A=780 nm and an absorbed power of 3.9 nW. The dashed curve (b) represents the signal from the modulator and shows the amount of time the detector was exposed to photons. Curve (c) corresponds to deflection of the microcantilever due to absorption of 2 nW power of photons with X=1300 nm and is purely due to thermal effects (see text). using I where a (z 0.95) is the absorptivity ofSi at 780 nm, is the cantilever area and (= 1.53 mm2) is the area ofthe focused laser beam at the plane ofthe microcantilever. The observed bending is attributed to the fact that the irradiated (top) side ofthe microcantilever contracts sooner that the bottom side. As can be seen from Figure 4 , the Si microcantilever responds rapidly to incoming photons that generate charge carriers which, in turn, cause a measurable mechanical bending. In these experiments, photons continued to impinge on the detector surface for -5 x lO s, while the bending reached its maximum value in -1 x lOs. The time that the microcantilever reached its maximum bending corresponds nicely to the lifetime ofphoto-generated "free" charge carriers in Si.
RESULTS
For a similar structure, thermal effects have been found to play a role in a slower time scale and have a time constant > iO s [9, 28] .
In order to determine the effect ofthe thermal stress under our experimental conditions, we illuminated the Si microcantilever using photons with A=1300 nm. Since Si is transparent to these photons, we deposited a thin aluminum coating of3O nm along one side of the Si microcantilever using the procedure described in above. The absorbed power was estimated using Ze1S a 4 I Aspt where aabs 0.01 is the absorbivity ofAl andAA, ( 2x1O cm2) is the area ofthe Al coating. We modulated the infrared radiation at a frequency of 1000 Hz and in Figure 4 curve (c) we plotted the measured microcantilever bending as a function oftime for an absorbed power of 2 nW. The change in the direction ofmicrocantilever bending compared to curve (a), is due to the fact that the irradiated (top) side of the microcantilever expands sooner that the bottom side. From curve (c) in Figure 4 it can be seen that for 780 am photons and 1000 Hz modulation frequency, the observed thermally induced bending of the microcantilever is smaller (over 2 times after correcting for the absorbed power) compared to the photo-induced bending and the response time is longer (>ms). The response of the microcantilever [curve (a) in Figure 4 ] is faster than deflections due to thermal effects [curve (c) in Figure 4 Since dcJdP (= 2.9x1O24 cm3) is negative for Si [29] , it should be straightforward to distinguish the photo-induced stress from the thermal stress in Si by observing the direction ofbending indicated by the phase shift ofthe signal waveform with respect to the reference signal. When photons with energies above the bandgap are used, the Si microcantilever contracts and deflects in one direction [curve (a) in Figure 4J . However, when photons with energies below the bandgap are used, the Si beam expands and deflects in the opposite direction [curve (c) in Figure 4 ]. We also measured the microcantilever bending due to photo-induced stress as a function of absorbed power. In Figure 5 we plotted the measured bending of a Si microcantilever as a function of absorbed power using a diode laser with X=780 nm. The microcantilever deflection was primarily due to photo-induced stress and was found to increase linearly with increasing power with a deflection sensitivity R = 0.099 m/W.
DISCUSSION
An essential aspect ofany scheme for micromechanical photon detection is the ability to sensitively detect physical changes resulting from photo-induced stress, since this directly affects the sensitivity and precision in measurement ofphoton flux. As an initial evaluation ofthe ability to detect optically-induced bending ofa microcantilever, microcantilevers were subjected to both mechanical and optical excitation, and their response measured as a function of excitation frequency. Mechanical excitation was achieved by driving the piezoelectric element in the AFM chip holder with the reference signal from the lock-in amplifier; such a mechanical excitation response is helpful in locating resonance frequencies for allowed microcantilever bending modes.
It can be seen that the calculated deflection sensitivity for 780 am photons is -2.5 m/W (see Figure 2 ) and is larger than our measured 1 = 0.099 mIW. The main reason for the observed difference is the approximation used to determine the photo-induced stress POWER, e (nW) (Eqn 1) and possibly to the value used for the absorbivity ofSi. In these studies the smallest microcantilever deflection we measured was l0" m. However, values of lO2 m are possible corresponding to a minimum detectable power of iO' W which corresponds to detectivity ofD 1O cm Hz'W' at 30 Hz. This value is one order ofmagnitude higher than the D reported for microcantilever thermal detectors [9] .
Our results demonstrate that exposing Si microcantilevers to photons with energies above the bandgap ofSi, produces a photo-induced mechanical stress which dominates over thermally-induced stresses. However, when the photon energy is below the Si bandgap thermal effects dominate. We found that the deflection ofa Si microcantilever depends linearly on photo-induced stress which, in turn, depends linearly on the input optical power and is manifested with fast response times. Furthermore, this mechanism does not rely on changes in the temperature of the microstructure and therefore thermal isolation (that is crucial to the operation of thermal detectors) has minimal influence. Utilizing such a detection mechanism it may be possible to construct micromechanical photon detectors and unlike thermal detectors that respond slowly (response times -ms) to impinging photons via temperature changes, a detector based on the photo-induced stress will respond both more sensitively and rapidly to incoming photons, with fast response times < ms.
CONCLUSIONS
The results ofthe present work demonstrate that microcantilevers represent an important development in micromechanical photon detector technology, and can be expected to provide the basis for considerable further development. For example, vastly improved microcantilevers photon detectors could be produced by making relatively simple changes in the materials and geometries used in microcantilever fabrication. It is possible to design microcantilevers with much smaller force constants by varying the geometry of the microcantilever, and in contrast to the devices used in this study, mirocantilevers with force constants as small as 0.008 N/m can be produced. Since the fundamental mechanical resonance frequency of a microcantilever is proportional to the square root of the spring constant, k', reductions in force constant can be used to bring resonance into ranges compatible with mechanical chopping frequencies.
The microcantilever spectral response can be easily tailored through the application ofspecific antireflective coatings and choice of material for fabrication. This means that microcantilevers can be fabricated using standard semiconductor methods and materials, and as a consequence could be mass produced at very low cost. Hence, two-dimensional cantilever arrays based on the technology described here, could become very attractive for a number of applications due to their inherent simplicity, high sensitivity, and rapid response to optical radiation. While the optical readout method is useful with single element designs, practical implementation of microcantilever arrays may require the use ofother readout methods, such as piezoresistance or capacitance. Fortunately, the microcantilever technology's compatibility with a variety ofreadout methods also affords tremendous flexibility to potential system designers.
